Magnetic bimeron is a topological counterpart of skyrmions in in-plane magnets, which can be used as spintronic information carrier. Here we report the static properties of bimerons with different topological structures in a frustrated ferromagnetic thin-film system, where bimerons are stabilized by a delicate competition between frustrated exchange interactions, in-plane magnetic anisotropy, and dipole-dipole interaction. The bimeron structure is characterized by the vorticity Qv and helicity η. It is found that the energy of a bimeron state increases with Qv, and the energy of an isolated bimeron with Qv = ±1 depends on η. The bimeron state with |Qv| > 1 can be regarded as a cluster-like state. We also report the dynamics of frustrated bimerons driven by the spin-orbit torques, including both the damping-like and field-like torques. We find that the isolated bimeron with Qv = ±1 can be driven into linear or elliptical motion when the spin polarization direction is perpendicular to the easy axis. The dynamics of the bimeron depend on the strength of the damping-like and field-like torques. We numerically reveal the damping dependence of the bimeron Hall angle driven by the damping-like torque. Besides, the isolated bimeron with Qv = ±1 can be driven into rotation by the damping-like torque when the spin polarization direction is parallel to the easy axis. The rotation frequency is proportional to the driving current density. In addition, we numerically demonstrate the possibility of creating a bimeron state with a higher or lower topological charge by the current-driven collision and merging of bimeron states with different Qv. Our results could be useful for designing spintronic devices based on frustrated magnetic bimerons.
I. INTRODUCTION
The emerging fields of chiral magnetism and topological spintronics are developed through the study of topologically non-trivial spin textures, which can be found in a variety of magnetic materials [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , and can be used for information encoding in data storage and processing devices [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . An appealing and well-studied topological spin texture is the magnetic skyrmion in perpendicularly magnetized systems, the existence of which was theoretically predicted in 1989 [11, 12] , and was experimentally observed in 2009 [13] . Since the first experimental observation, magnetic skyrmions have been extensively studied due to their large potential in advanced electronic and spintronic applications [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . So far, the creation, annihilation and manipulation of magnetic skyrmions have been realized in magnetic multilayers at room temperature [16] [17] [18] [20] [21] [22] [23] [24] [25] [26] [27] [28] , and a lot of skyrmionbased device applications have been proposed [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] and even demonstrated in room-temperature experiments [40, 41] .
Similar to the magnetic skyrmion, the magnetic bimeron is a topological spin texture in in-plane magnetized systems [10, 31, [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] , which carries an integer topological charge Q and can be regarded as a counterpart of skyrmions. An isolated bimeron with Q = 1 consists of a pair of merons with Q = 1/2, however, merons are unstable solutions so that they exist in magnetic systems in the form of pairs [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] . Note that the concept of meron was originated in classical field theory [54] , and has been studied in different fields, such as quantum Hall systems [55, 56] .
In magnetism, bimerons are of great importance to electronic and spintronic applications. For example, they can be used to carry binary digital data and can also be driven into motion by spin torques, which are useful for building racetrack-type memory and information computing devices [49] [50] [51] [52] . Recent reports have suggested the existence and manipulation of bimerons in different magnetic materials, including ferromagnets [42, 43, 45, [49] [50] [51] [52] , antiferromagnets [47, 48, 53] , and frustrated magnets [44] . In particular, a lattice of bimerons (i.e., a square lattice of merons and antimerons) has been observed in chiral-lattice magnet Co 8 Zn 9 Mn 3 by Lorenz transmission electron microscope in 2018 [57] .
However, the dynamics of magnetic bimerons driven by different external forces as well as the static properties of different forms of bimerons still remain elusive, especially for the bimerons in frustrated magnets. Some most recent studies have focused on the existence and manipulation of skyrmions in frustrated magnetic systems [44, [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] . Therefore, it is also imperative to study bimerons in frustrated magnetic systems, of which the physical properties are essential for designing future bimeron-based device applications.
In this work, we report the static properties of bimerons with different values of topological charge Q and helicity η in a frustrated ferromagnetic thin-film system, where the bimerons are stabilized by a delicate competition between frustrated exchange interactions, in-plane magnetic anisotropy, and long-range dipole-dipole interaction. We also report the dynamics of frustrated bimerons driven by the spin-orbit torques, where both the damping-like and field-like torques are taken into account.
II. METHODS
We consider a frustrated ferromagnetic (FM) monolayer with three competing Heisenberg exchange interactions based on the J 1 -J 2 -J 3 model on a simple square lattice [61, 65, 74] . The Hamiltonian is expressed as
where m i represents the normalized spin at the site i, |m i | = 1. i, j , i, j , and i, j run over all the nearestneighbor (NN), next-nearest-neighbor (NNN), and next-nextnearest-neighbor (NNNN) sites in the FM monolayer, respectively. J 1 , J 2 , and J 3 are the coefficients for the NN, NNN, and NNNN Heisenberg exchange interactions, respectively. K is the easy-axis magnetic anisotropy constant, and the xaxis direction is defined as the easy axis. H DDI represents the dipole-dipole interaction (DDI), i.e., the demagnetization term.
The spin dynamics is simulated by using the Object Oriented MicroMagnetic Framework (OOMMF) [77] with periodic boundary condition (PBC) and our extension modules for the J 1 -J 2 -J 3 classical Heisenberg model [61, 65, 74] , including two modules for the NNN and NNNN exchange interactions. The OOMMF conjugate gradient minimizer is also employed for the spin relaxation simulation, which locates local minima in the energy surface through direct minimization techniques [77] .
The time-dependent spin dynamics is governed by the Landau-Lifshitz-Gilbert (LLG) equation [77] 
where m represents the normalized spin, h eff = −δH/δm is the effective field, t is the time, α is the Gilbert damping parameter, and γ 0 is the absolute gyromagnetic ratio. As for the spin-orbit torques, which can be generated by harnessing the spin Hall effect of a heavy metal substrate [3, 4, 6, 7, 9, 10, 29, 30, 78] , we consider here both the damping-like torque τ 1 and field-like torque τ 2 , given as
where u = | γ0 µ0e | jθSH 2aMS is the spin torque coefficient and ξ is the strength of the field-like torque. is the reduced Planck constant, e is the electron charge, µ 0 is the vacuum permeability constant, a is the thickness of the FM monolayer (here also as the lattice constant), j is the applied current density, θ SH is the spin Hall angle, and M S is the saturation magnetization. p denotes the polarization direction of the spin current. τ 1 and τ 2 are added to the right-hand side of Eq. (2) when the considered spin-orbit torques are nonzero.
In this work, the default values for the NN, NNN, and NNNN exchange interactions are given as [65, 74] J 1 = 30 meV, J 2 = −0.8 (in units of J 1 = 1), and J 3 = −0.6, respectively. Note that we have carried out stability diagram simulations showing the parameters dependence and found that bimeron states can exist in the relaxed sample for a wide range of J 2 , J 3 , and K parameters. The default values for other parameters are [65, 74] : K = 0.02 (in units of J 1 /a 3 = 1), θ SH = 0.2, α = 0.3, γ 0 = 2.211 × 10 5 m A −1 s −1 , and M S = 580 kA m −1 . The default geometry of the FM monolayer is set as 20 × 20 × 0.4 nm 3 , and the cubic cells generated by the spatial discretization is of 0.4 × 0.4 × 0.4 nm 3 , i.e., the lattice constant is a = 0.4 nm.
We define the topological charge Q in the continuum limit by the formula [1, 10] 
The topological charge Q counts how many times m(r) wraps 2-sphere as the coordinate (x, y) spans the whole planar space. We parametrize the spin texture as
where ϕ is the azimuthal angle in the y-z plane (0 ≤ ϕ < 2π) and we assume that θ rotates π for spins from the bimeron center to sample edge. Hence, Q v = 1 2π C dφ is the vorticity and η is the helicity defined mod 2π. The internal structure of
(a) Total energy as a function of Qv for relaxed bimeron states in the FM monolayer with in-plane magnetic anisotropy (K = 0.02). Inset shows the total energy difference between the bimeron states with consecutive vorticity numbers. Note that Qv = 0 corresponds to the FM state, i.e., all magnetization is aligned along the +x direction due to the anisotropy. The total energy of the FM state equals 1.45 × 10 −23 J, which is significantly smaller than that of bimeron states. (b) Top view of relaxed bimeron states with different Qv in the FM monolayer with in-plane anisotropy (K = 0.02). a bimeron is described by both Q v and η, and we may index a bimeron state as (Q v , η) in this work. Note that η = 0 is identical to η = 2π.
III. RESULTS AND DISCUSSION

A. Static properties of frustrated bimerons
The bimeron [see Fig. 1 (a)] in in-plane magnetic system is a topological counterpart of skyrmion [see Fig. 1 (b)] in outof-plane magnetic system, both of which carry integer topological charge Q and can be stabilized in FM thin films with exchange frustration [44, [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] . Note that the skyrmion with Q = 1 has one out-of-plane core, while the bimeron with Q = 1 has two opposite out-of-plane cores. Here we study the static properties of isolated bimerons in a FM monolayer with competing exchange interactions, in-plane magnetic anisotropy, and DDI. We first simulate the metastability diagram of bimerons for different values of NNN exchange interaction J 2 , NNNN exchange interaction J 3 , and in-plane easy-axis anisotropy K. We consider both randomly distributed initial spin configuration and the initial spin configuration of an isolated bimeron with (+1, 0) at the film center. The simulated metastability diagrams are given in Supplemental Material (see Supplementary Figs. 1-12) [79] . It is found that metastable isolated bimerons with Q v = ±1 and bimeron states with higher topological charges |Q v | > 1 can exist in certain ranges of J 2 and J 3 , assuming J 1 = 1. Note that the metastability diagrams of frustrated bimerons are similar to that of frustrated skyrmions (cf. Refs. 44 and 65). However, skyrmion states cannot be spontaneously formed in the absence of the out-ofplane magnetic anisotropy, while metastable bimeron states can be formed even in the absence of the in-plane magnetic anisotropy. The reason could be the effect of demagnetization (i.e., the DDI), which is very well approximated by the inplane anisotropy in the ultra-thin film and thus favors in-plane spin configurations, including bimerons. Besides, the size of relaxed metastable bimeron with Q v = ±1 decreases with increasing magnitude of the in-plane magnetic anisotropy K, as shown in Fig. 1(c) . In the absence of in-plane anisotropy (K = 0), the size of the relaxed bimeron with Q v = ±1 equals about 8 times the lattice constant (i.e., 3.2 nm), which is defined by the diameter of the circle with m x = 0. However, for the system with K = 0.02, the bimeron size is about 5 times the lattice constant (i.e., 2 nm). On the other hand, both the upper and lower thresholds of J 2 and J 3 for stabilizing bimeron states increase with increasing K [79] .
We also investigate bimeron states with different Q v and η by relaxing the FM monolayer with J 2 = −0.8, J 3 = −0.6, and K = 0.02, where a bimeron solution with (Q v , η) at the film center is given as the initial spin configuration. After the relaxation of the system, the spin configuration is a stable or metastable solution. As shown in Fig. 2 , the total energy of the relaxed bimeron state with η = 0 increases with the absolute value of its vorticity number Q v . For the bimeron states with the same absolute values of Q v and η, their total energies are identical. For example, the total energies of relaxed isolated bimerons with (±1, 0) equal 2.89 × 10 −20 J. The contribution of different energy terms to the total energy of an isolated bimeron with Q v = ±1 is given in Fig. 3 . It can be seen that in the in-plane magnetic system, the DDI energy contribution is quite small, while the competition between the NN, NNN, and NNNN exchange energy contributions is obvious [see Fig. 3 (a)]. The NN exchange energy, anisotropy energy, and DDI energy increase with increasing |Q v |, while the NNN and NNNN exchange energies decrease with increasing |Q v | [see Fig. 3 
Note that one could refer to the bimeron with Q v < 0 as the antibimeron, although the total energy does not depend on the sign of Q v . The difference between the bimeron and antibimeron with the same absolute value of Q v lies in the out-of-plane spin configuration [see Fig. 2 
It is worth mentioning that the difference between a skyrmion and an antiskyrmion lies in the in-plane spin configuration [80] [81] [82] [83] .
The inset of Fig. 2 shows the total energy difference between two bimerons with consecutive numbers of Q v . It can be seen that the total energy of an isolated bimeron with Q v = ±1 is larger than the energy increase between two bimerons with consecutive numbers of Q v . Therefore, considering the topological conservation and energy minimization of the bimeron system, we predict that a bimeron with Q v = 1 can be merged with a bimeron state with Q v = n (n is a natural number, n > 1), creating a bimeron state with a higher Q v = n + 1. Indeed, the merging of a bimeron with Q v = −1 and a bimeron state with Q v = n will lead to the formation of a bimeron with lower Q v = n − 1. We will numerically examine this prediction later (see Sec. III B). Indeed, we point out that the total energy difference grow with n and may eventually become larger than the energy of an isolated bimeron with Q v = ±1. This phenomenon is known in nuclear physics when the nuclei with large atomic weight (i.e., large number of protons and neutrons) eventually become unstable [84] . In our case, these protons and neutrons are bimerons with Q v = ±1.
As mentioned above, an isolated bimeron with Q v = ±1 has a pair of opposite out-of-plane cores. In Fig. 2 (b), it can be seen that the number of out-of-plane core pair is equal to |Q v |. The size of the out-of-plane core is independent of Q v , while the size of the bimeron state increases with Q v . We note that the bimeron state with |Q v | > 1 can be seen as a circular chain of bimerons with Q v = ±1, indicating the cluster feature of high-order bimerons with |Q v | > 1. Namely, the isolated bimerons with Q v = ±1 serve as the fundamental quasi-particles, which can form high-order cluster-like bimeron states. As the total energy of a bimeron state with |Q v | = n is smaller than the energy sum of n isolated bimeron with Q v = ±1, it is envisioned that isolated bimerons with Q v = ±1 are inclined to form high-order cluster-like bimeron states in the frustrated in-plane magnetic system. This feature can be seen from the metastability diagram simulated based on randomly distributed spin configurations (see Supplementary Figs. 7-12) [79] , where most relaxed bimeron states exist in the form of high-order cluster-like state. It is noteworthy that this property of bimerons is in a stark contrast to magnetic skyrmions [65] . The high-order skyrmion states with 
FIG. 5. Energies of relaxed isolated bimerons with Qv = ±1 and different η in the FM monolayer with in-plane anisotropy (K = 0.02). Snapshots of relaxed isolated bimerons are given in Fig. 4 .
|Q v | > 2 are usually unstable in either frustrated or common FM systems. We continue to study the relaxed isolated bimerons with Q v = ±1 and different values of helicity η, as shown in Fig. 4 . It can be seen that both the in-plane (m y ) and outof-plane (m z ) spin configurations of the bimeron structure are controlled by η, which can be explained by Eq. (6). Figure 5 shows the total energy of the relaxed isolated bimeron with Q v = ±1 for η = 0, π/2, π, 3π/2. Similar to the frustrated skyrmion with Q v = ±1 (see Ref. 65 ), the total energy of an isolated bimeron with Q v = ±1 depends on its helicity number η. Namely, the total energies of bimerons with (±1, π/2) and (±1, 3π/2) are larger than that with (±1, 0) and (±1, π). It should be pointed out that all energy terms of the frustrated bimeron with Q v = ±1 depend on η. However, by
Total energy difference between the relaxed isolated bimerons with (+1, π/2) and (+1, 0). Note that the energy of the relaxed isolated bimeron with (±1, π/2) is identical to that with (±1, 3π/2), and the energy of the relaxed isolated bimeron with (±1, 0) is identical to that with (±1, π) (see Fig. 5 ).
analyzing the energy difference between the isolated bimeron with η = 0, π and the isolated bimeron with η = π/2, 3π/2 (see Fig. 6 ), it is found that the energy differences of the NN exchange, NNN exchange, NNNN exchange, and magnetic anisotropy almost cancel each other. The total energy difference is mainly contributed by the DDI energy difference, leading to energetically favorable bimeron structures with (1, 0) and (1, π).
B. Current-driven dynamics of frustrated bimerons
The current-driven dynamics of bimerons is important for the design and development of future spintronic applications, in which bimerons are moveable information carriers. Here we first study the dynamics of a relaxed isolated bimeron with (+1, 0) driven by the damping-like spin-orbit torque τ 1 (i.e., ξ = 0). Note that we limit our analysis and discussion to the isolated bimeron with Q v = +1 in this section. The dynamics of bimeron states with higher Q v will be discussed later.
As the initial state, an isolated bimeron with (+1, 0) is relaxed at the center of the FM monolayer with PBC. Note that η = 0 is identical to η = 2π, i.e., (+1, 0) = (+1, 2π). Such a relaxed bimeron has a lower energy than that with η = π/2 or η = 3π/2 (see Sec. III A). We assume that J 2 = −0.8, J 3 = −0.6, K = 0.02, and α = 0.3 as default parameters. Other parameters are given in the method section (see Sec. II). We define the angle between the spin polarization direction and the +x direction in the x − y plane as ϕ, and we first focus on the situation that the spin current is polarized along the +y (i.e., ϕ = 90 • ) or −y (i.e., ϕ = 270 • ) direction. Namely, the spin polarization direction is perpendicular to the easy axis of anisotropy. This spin polarization configuration can be realized by harnessing the spin Hall effect [3, 4, 6, 7, 9, 10, 30] , where a charge current flows along the ±x direction in a heavy metal substrate.
When the spin current with either ϕ = 90 • or ϕ = 270 • is applied, the relaxed isolated bimeron with Q v = +1 will However, it should be noted that the bimeron Hall angle θ and bimeron helicity η slightly increases and decreases with increasing current density, respectively. The reason is that a large current will lead to the distortion of bimeron. In particular, when the current density is larger than 300 MA cm −2 , the dynamic behavior of the bimeron driven by the damping-like torque with ϕ = 270 • suddenly changes from linear motion to elliptical motion with rotating helicity. Both the velocity and helicity vary with time. Figure 8(a) shows the bimeron trajectories driven by a small current density j = 40 MA cm −2 . The corresponding velocity [ Fig. 8(b) ] and helicity [ Fig. 8(c) ] are independent of time. Figure 8(d) shows the bimeron trajectories driven by a large current density j = 400 MA cm −2 . It can be seen that the bimeron driven by the damping-like torque with ϕ = 270 • shows a counterclockwise elliptical motion. Its velocity oscillates between ∼ 61 m s −1 and ∼ 127 m s −1 [ Fig. 8(e) ]. Its helicity varies between 2π and ∼ 0, indicating a counterclockwise rotation of the bimeron. Note that when the spin polarization is aligned along the +y direction (i.e., ϕ = 90 • ), the bimeron still shows a linear motion at j = 400 MA cm −2 , of which the velocity and helicity are equal to ∼ 135 m s −1 and ∼ 1.9π, respectively.
As the bimeron structure with (+1, 0) [i.e., (+1, 2π)] is asymmetric with respect to the x axis, we find that the threshold current density for the transition of bimeron dynamics is different for ϕ = 90 • and ϕ = 270 • . Indeed, the bimeron driven by the damping-like torque with ϕ = 90 • also changes from linear motion to counterclockwise elliptical motion when j ≥ 600 MA cm −2 (see Supplementary  Fig. 13 ) [79] . However, one should note that the dynamics driven by large current density may be unrealistic from the point of view of experiments. Therefore, in this work, we focus on the bimeron dynamics driven by a moderate current density, i.e., j ≤ 300 MA cm −2 .
We continue to the investigate the bimeron dynamics driven by the damping-like torque, of which the spin polarization direction is aligned along the ±x direction (i.e., ϕ = 0 • or ϕ = 180 • ). Namely, the spin polarization direction is parallel to the easy axis of anisotropy. Such a spin polarization configuration can be realized by injecting a charge current flowing along the ±y direction in a heavy metal substrate. An isolated bimeron with (+1, 0) is relaxed at the center of the FM monolayer with PBC as the initial state. When the spin current with either ϕ = 0 • or ϕ = 180 • is applied, the relaxed isolated bimeron with Q v = +1 will be driven into rotation with a specific rotation period T and frequency f , which is in stark contrast to the case driven by the damping-like torque with ϕ = 90 • or ϕ = 270 • . Namely, no translational motion is excited by the damping-like torque with ϕ = 0 • or ϕ = 180 • , which is in line with the result in Ref. 49 . It is found that the bimeron rotation period T decreases with the driving current density [see Fig. 9(a) ]. The bimeron rotation frequency f is almost linearly proportional to the driving current density [see Fig. 9(b) ]. The bimeron driven by the damping-like torque with ϕ = 0 • shows a counterclockwise rotation, while the bimeron driven by the damping-like torque with ϕ = 180 • shows a clockwise rotation. The helicity of the rotating bimeron as a function of time is given in Fig. 9 . The time-dependent helicity numbers of rotating bimerons driven by the damping-like torque with ϕ = 0 • and ϕ = 180 • are given in Figs. 9(c) and 9(d), respectively. From the viewpoint of applications, the isolated bimerons showing the linear motion can be used as information carriers in data storage devices, such as the racetrack-type memory. On the other hand, the isolated bimerons showing rotation or elliptical motion can be used to generate spin waves in low-damping materials, which may be used for building nanooscillators. In the following, we focus on the stable linear motion of an isolated bimeron and study the effects of damping parameter α and field-like torque τ 2 on the dynamics.
The initial state is also a relaxed isolated bimeron with (+1, 0) at the center of the FM monolayer with PBC. The spin current with a polarization direction of ϕ = 90 • is applied to drive the bimeron into stable linear motion. The driving current density ranges from 10 MA cm −2 to 300 MA cm −2 . Note that only the damping-like torque τ 1 is applied here (i.e., ξ = 0). Figure 10(a) shows the velocity of bimeron as a func-tion of driving current density for different damping parameters. It can be seen that the velocity is proportional to the driving current density, while the velocity decreases with increasing damping parameter for a given driving current density [see Fig. 10(b) ]. Figure 10(c) shows the bimeron Hall angle as a function of driving current density for different damping parameters. The bimeron Hall angle increases with driving current density. The dependence of bimeron Hall angle on the driving current density is significant for larger damping parameter. For a given driving current density, the bimeron Hall angle is inversely proportional to the damping parameter [see Fig. 10(d) ]. Smaller driving current density leads to larger slope of the θ-α relation. Figure 10(e) shows the bimeron helicity as a function of driving current density for different damping parameters. The bimeron helicity slightly decreases with increasing driving current density. For a given driving current density, the bimeron helicity decreases with increasing damping parameter, which is remarkable for larger driving current density [see Fig. 10(f) ].
In order to study the effect of field-like torque τ 2 on the bimeron dynamics, we apply a spin current with a polarization direction of ϕ = 90 • to drive the bimeron with (+1, 0). The driving current density ranges from 10 MA cm −2 to 100 MA cm −2 . Both the damping-like τ 1 and field-like τ 2 torques are applied. It is found that the bimeron could be driven into linear motion or elliptical motion with rotation in the presence of field-like torque τ 2 , which depends on the strength of the fieldlike torque ξ as well as the driving current density j. We also find that the threshold value of the field-like torque strength ξ, beyond which the elliptical motion is induced, decreases with increasing driving current density.
For the stable linear motion of bimeron driven by both damping-like and field-like torques, the velocity as a function of the field-like torque strength ξ for different driving current densities is given in Fig. 11(a) . Note that only the velocity of stable linear motion is given, while the velocity of elliptical motion varies with time [see Fig. 8 (e)] and thus, is not given in Fig. 11(a) . It can be seen that the velocity of stable linear motion is independent of the field-like torque strength ξ for a given driving current density. However, for the linear motion of bimeron driven by a given current density, the bimeron Hall angle θ increases with increasing field-like torque strength ξ, and the slope of the θ-ξ relation increases with the driving current density, as shown in Fig. 11(b) . Figure 11(c) shows the bimeron helicity as a function of the field-like torque strength ξ for different driving current densities. The bimeron helicity decreases with increasing field-like torque strength ξ for a given driving current density. Also, the bimeron helicity decreases faster with increasing field-like torque strength ξ when the driving current density is larger. The dependence of bimeron Hall angle and helicity on the field-like torque strength ξ indicates that the field-like torque can deform the bimeron.
For a given driving current density, the bimeron will be driven into elliptical motion accompanied by rotation when the field-like torque strength ξ is larger than a certain threshold. Figure 11(d) shows the trajectories of bimeron driven by the spin current of j = 100 MA cm −2 for different strength ξ Although the isolated bimeron with Q v = +1 can be driven into linear motion by the damping-like torque τ 1 with a moderate driving current density and a spin polarization aligned along the ±y direction (i.e., ϕ = 90 • or ϕ = 270 • ), we note that motion direction of the isolated bimeron also depends on its helicity η (see Supplementary Fig. 14) [79] , which can also be discerned from the elliptical motion dynamics [cf. Figs. 8(d) and 8(f)]. However, since the cluster-like bimeron state with a higher vorticity number |Q v | = n (n ≥ 2) can be regarded as a composite of n isolated bimerons with Q v = ±1 with varied helicity numbers [see Fig. 2(b) ], the helicity-dependent driving forces acted on each bimerons with Q v = ±1 could cancel each other. As a result, the cluster-like bimeron state with a higher vorticity number cannot be driven into directional motion by the spin current with ϕ = 90 • or ϕ = 270 • . Therefore, we find it is possible to bombard a cluster-like bimeron state having higher Q v with an isolated bimeron having Q v = ±1. Figure 12 shows the snapshots of the computational experiment on the collision and merging of bimeron states. We put a relaxed cluster-like bimeron state with Q v = +4 at the left side of the sample, and a relaxed isolated bimeron with Q v = +1 at the right side of the sample. Then, we apply a spin current with j = 100 MA cm −2 and ϕ = 90 • to the sample. Note that we only use the damping-like torque τ 1 for the sake of simplicity. Once the driving current is applied, it is found that the isolated bimeron with Q v = +1 moves toward the left direction, while the cluster-like bimeron state with Q v = +4 keeps still. Hence, the collision and merging between the two bimeron states lead to the creation of a cluster-like bimeron state with Q v = +5. In a similar way, if we put an isolated antibimeron with Q v = −1 at the right side of the sample, the collision and merging between the isolated antibimeron with Q v = −1 and the bimeron state with Q v = +4 lead to the creation of a cluster-like bimeron state with Q v = +3. It can be seen that the topological charge of the whole system is conserved during the collision and merging of bimeron states.
As discussed in Sec. III A [see Fig. 2(a) ], due to the energy minimization of the bimeron system, the isolated bimeron with Q v = +1 can be merged with a bimeron state with Q v = n, forming a bimeron state with a higher Q v = n + 1. Also, the merging of an isolated antibimeron with Q v = −1 and a bimeron state with Q v = n will lead to the formation of a bimeron state with lower Q v = n − 1. The total energy of the bimeron system is reduced after the collision and merging. Such a process is verified by the computational experiment on the collision and merging of bimeron states. In principle, it is possible to change the topological charge of a bimeron state by the bimeron collision and merging, which is worth investigating in future experiments.
IV. CONCLUSION
In conclusion, we have numerically studied the static and dynamic properties of bimerons in a ferromagnetic thinfilm system with competing exchange interactions. Note that a candidate material for such a system could be the low-dimensional compound Pb 2 VO(PO 4 ) 2 [85] , which has a frustrated square lattice with small ferromagnetic nearestneighbor exchange interaction and strong antiferromagnetic next-nearest-neighbor exchange interaction.
In particular, we considered the long-range dipole-dipole interaction in our simulations, which has not been considered in other studies [44, 49] . Although the long-range dipoledipole interaction is small in in-plane magnetic systems, it can lead to the helicity dependence of the isolated bimeron energy for Q v = ±1, which is important for bimeron dynamics. It is also found that the bimeron states can be stabilized by the exchange frustration both in the presence and absence of easyaxis in-plane magnetic anisotropy, and the presence of inplane magnetic anisotropy could result in a smaller bimeron size.
We first studied the energies of bimeron states in the presence of finite in-plane magnetic anisotropy. The total energy of a bimeron state increases with its vorticity number Q v . On the other hand, the total energy of an isolated bimeron with Q v = ±1 depends on its helicity η, and the states with η = 0 and η = π have a lower energy compared to that with η = π/2 and η = 3π/2. Although the contribution of the dipoledipole interaction energy to the total energy of the bimeron is small, the energy dependence on the helicity is induced by the dipole-dipole interaction. We note that the bimeron state with a higher vorticity number |Q v | > 1 can be seen as a cluster-like state formed by a circular chain of bimerons with Q v = ±1. In this work, however, we mainly focused on the isolated bimeron with Q v = ±1.
We also studied the dynamics of an isolated bimeron with Q v = +1 driven by the spin-orbit torques, including the damping-like and field-like torques. For the bimeron driven by the damping-like torque, the current-induced dynamics depends on the spin polarization direction p with respect to the easy-axis direction. In this work, the easy axis of in-plane magnetic anisotropy is aligned along the x axis. When the spin polarization direction is perpendicular to the easy axis (i.e., ϕ = 90 • or ϕ = 270 • ), the bimeron with Q v = +1 can be driven into stable linear motion for a moderate driving current density. The velocity and helicity for the stable linear motion are independent of time. For the linear motion of a bimeron, it is found that the bimeron Hall angle is inversely proportional to the damping parameter. However, when the driving current density is larger than a certain threshold, the bimeron can be driven into elliptical motion accompanied by rotation. The velocity and helicity for the elliptical motion vary with time. Note that the dynamics of an isolated antibimeron with Q v = −1 is similar to the case of Q v = +1 (see Supplementary Fig. 15 ) [79] . When the spin polarization direction is parallel to easy axis (i.e., ϕ = 0 • or ϕ = 180 • ), the bimeron with Q v = +1 will be driven into rotation only. The rotating bimeron has a constant frequency, which is almost linearly proportional to the driving current density.
For the bimeron with Q v = +1 driven by both the dampinglike and field-like torques with a spin polarization aligned along the +y direction (i.e., ϕ = 90 • ), the bimeron dynamics will change from the linear motion to the elliptical motion when the field-like torque strength is larger than a certain threshold. In the case of the linear motion (i.e., ξ is small), the bimeron Hall angle and bimeron helicity can be changed by the field-like torque, especially for the bimeron driven by a large current density. In the case of the elliptical motion induced by the field-like torque (i.e., ξ is large), the frequency of the bimeron rotation is linearly proportional to the strength of the field-like torque.
We also performed a computational experiment on the current-driven collision and merging of bimeron states, namely, we used an isolated bimeron with Q v = ±1 to bombard a cluster-like bimeron state with a higher topological charge. The collision and merging between the isolated bimeron and cluster-like bimeron state lead to the formation of a new bimeron state. The topological charge of the whole system during the bimeron collision and merging process is conserved, while the total energy of the whole system is reduced. The bimeron collision and merging experiment shows the possibility that one can create a bimeron state with a higher or lower topological charge by triggering the merging of isolated bimerons with Q v = ±1.
Last, we point out that both frustrated skyrmions and bimerons are useful for spintronic applications. The frustrated skyrmions [49, 61, 64, 65, 74] and bimerons showing the directional linear motion can be used as building blocks for the racetrack-memory, where skyrmions and bimerons serve as robust particle-like information carriers. The circular motion of frustrated skyrmions [59, 61, 65, 74] and the elliptical motion of frustrated bimerons can be used to build nanooscillators. Indeed, compared to frustrated skyrmions, frustrated bimerons also have some unique properties. For example, the isolated frustrated bimerons with Q v = ±1 are inclined to form high-order cluster-like bimeron states, while the high-order skyrmion states with |Q v | > 2 are usually unstable in frustrated systems [65] . Hence, it is envisioned that high-order cluster-like bimeron states can be used as information carriers. We believe that our results are useful for understanding the bimeron physics in frustrated magnets, and could provide guidelines for building bimeron-based spintronic devices.
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